We investigated the potential role of the ␣ 1 -containing GABA A receptor in regulating the reinforcing properties of alcohol. To accomplish this, we developed 3-propoxy-␤-carboline hydrochloride (3-PBC), a mixed agonist-antagonist benzodiazepine site ligand with binding selectivity at the ␣ 1 receptor. We then tested the capacity of 3-PBC to block alcohol-maintained responding in the ventral pallidum (VP), a novel alcohol reward substrate, which primarily expresses the ␣ 1 -receptor isoform. Our results demonstrated that bilateral microinfusion of 3-PBC (0.5-40 g) in the anterior and medial VP produced marked reductions in alcohol-maintained responding in a genetically selected rodent model of alcohol drinking. The VP infusions showed both neuroanatomical and reinforcer specificity because no effects were seen in sites dorsal to the VP (e.g., nucleus accumbens, caudate putamen). The saccharinmaintained responding was reduced only with the highest dose (40 g). Parenteral injections of 3-PBC (1-20 mg/kg) also showed a similar selectivity on alcohol-maintained responding.
We investigated the potential role of the ␣ 1 -containing GABA A receptor in regulating the reinforcing properties of alcohol. To accomplish this, we developed 3-propoxy-␤-carboline hydrochloride (3-PBC), a mixed agonist-antagonist benzodiazepine site ligand with binding selectivity at the ␣ 1 receptor. We then tested the capacity of 3-PBC to block alcohol-maintained responding in the ventral pallidum (VP), a novel alcohol reward substrate, which primarily expresses the ␣ 1 -receptor isoform. Our results demonstrated that bilateral microinfusion of 3-PBC (0.5-40 g) in the anterior and medial VP produced marked reductions in alcohol-maintained responding in a genetically selected rodent model of alcohol drinking. The VP infusions showed both neuroanatomical and reinforcer specificity because no effects were seen in sites dorsal to the VP (e.g., nucleus accumbens, caudate putamen). The saccharinmaintained responding was reduced only with the highest dose (40 g). Parenteral injections of 3-PBC (1-20 mg/kg) also showed a similar selectivity on alcohol-maintained responding.
Complementary in vitro studies revealed that 3-PBC exhibited a low partial agonist efficacy profile at recombinant diazepamsensitive receptors (e.g., ␣ 1 ␤ 3 ␥ 2 , ␣ 2 ␤ 3 ␥, and ␣ 3 ␤ 3 ␥ 2 ). The selective suppression of 3-PBC on alcohol-maintained responding after central and parenteral administrations, together with its low-efficacy agonist profile, suggest that the reduction in alcohol-maintained behaviors was not attributable to a general suppression on consummatory behaviors. These results demonstrate that the ␣ 1 -containing GABA A receptors in both the anterior and medial VP are important in regulating the reinforcing properties of alcohol. These receptors represent novel targets in the design and development of pharmacotherapies for alcohol-dependent subjects.
Key words: alcohol reinforcement; ventral pallidum; GABA; ␣ 1 subunit; alcohol-preferring (P) rat; benzodiazepine An understanding of the neuromechanisms that regulate alcohol drinking is key in the development of drugs to treat alcohol addiction and dependence in humans. In recent years, much evidence has accumulated in favor of the GABA system (Hyytiä and Koob, 1995; June et al., 1998a June et al., ,b, 2001 . However, despite the growing body of evidence in favor of the GABA system, much remains unknown about the role of specific GABA A receptor subtypes in regulating ethanol (EtOH) reinforcement. This reflects primarily (1) the paucity of high-affinity and selective ligands capable of discriminating among the GABA A receptor subunits and (2) the heterogeneity of various subunits within the known alcohol reward circuitry (Wisden et al., 1992; Fritschy and Mohler, 1995) . Of the potential GABA A receptors involved in the reinforcing properties of alcohol, evidence suggests the ␣ 1 subtype within the ventral pallidum (VP) may play an important role in regulating alcohol-seeking behaviors. First, the VP contains one of the highest distributions of ␣ 1 subunits in the mesolimbic system (Churchill et al., 1991a; Wisden et al., 1992; Turner et al., 1993; Duncan et al., 1995) . Second, a dense reciprocal GABAergic projection exists from the VP to the nucleus accumbens (NACC) (Zahm et al., 1985; Groenewegen et al., 1987; Churchill and Kalivas, 1994) , a well known substrate that mediates the reinforcing actions of abused drugs (Koob et al., 1998; Koob, 1999) . Third, acute EtOH administration has been reported to selectively enhance the effects of iontophoretically applied GABA in the VP; these effects correlate highly with [ 3 H]zolpidem binding (an ␣ 1 -subtype selective agonist) (Criswell et al., 1993 . Together, the above findings suggest a possible role for the VP ␣ 1 receptors in the reinforcing properties of alcohol.
To evaluate the role of the ␣ 1 receptor in regulating alcohol reinforcement, we developed 3-propoxy-␤-carboline hydrochloride (3-PBC), a mixed benzodiazepine (BDZ) agonist-antagonist with binding selectivity at the ␣ 1 receptor. Compared with the prototype BDZ 1 agonist zolpidem, 3-PBC exhibits a slightly higher binding selectivity for the ␣ 1 receptor Huang et al., 2000) (Table 1) . Preliminary behavioral studies in several species (e.g., rats, mice, and primates) show that 3-PBC is a BDZ antagonist, exhibiting competitive binding-site interac-tions with BDZ agonists at low to moderate doses (2.5-15 mg/kg) Carroll et al., 2001 ) (J. K. Rowlett, unpublished data). At higher doses (15-60 mg/kg), 3-PBC produces anxiolytic effects in the plus maze that are comparable with those of chlordiazepoxide (Carroll et al., 2001 ). Hence, 3-PBC displays an agonist or antagonist profile depending on both the dose and the task used. Thus, to determine the capacity of 3-PBC to modulate physiological GABAergic effects, we evaluated its actions at recombinant ␣ 1 , ␣ 2 , ␣ 3 , ␣ 4 , and ␣ 5 receptors. Second, we determined whether the in vitro binding affinity of 3-PBC in wild-type synaptosomal cortical membranes would mimic the actions of 3-PBC at recombinant ␣ 1 receptors. Third, we determined the in vivo capacity of 3-PBC to selectively reduce alcohol-maintained responding in a rodent model of the human condition of alcohol abuse after systemic and intra-VP infusions.
MATERIALS AND METHODS
Subjects. Selectively bred male alcohol-preferring (P) rats (n ϭ 35) from the S48 generation (L umeng et al., 1995) were obtained from the Alcohol Research C enter at Indiana University School of Medicine. All animals were ϳ3-4 months of age and weighed between 261 and 381 gm at the beginning of the experiment. Animals were individually housed in wiremesh stainless steel cages or plastic tubs. The vivarium was maintained at an ambient temperature of 21°C and was on a normal 12 hr light /dark cycle. During the first 2 d of the training phase, the rats were deprived of fluids for 23 hr daily (see below). Thereafter, rats were maintained on food and water ad libitum. All training and experimental sessions took place between 9 A.M. and 4 P.M. The treatment of all subjects was approved by the institutional review board of the School of Science at Indiana University -Purdue University (Indianapolis, I N). All procedures were conducted in strict adherence with the National Institutes of Health Guide for the Care and Use of Laborator y Animals.
Drug and solutions. 3-PBC was synthesized via modification of the prototypical inverse agonist ␤-carboline-3-carboxylic acid ethyl ester (␤CCE), as outlined previously . The structure of 3-PBC is shown in Figure 1 . For systemic drug administrations, 3-PBC was prepared as an emulsion in a T ween 20 (Sigma, St. L ouis, MO) solution composed of 99.80 ml of a 0.90% sodium chloride solution and 0.20 ml of T ween 20. All drug solutions were mildly sonicated (Fisher Scientific, Springfield, NJ) to aid in dissolving the compound. The T ween 20 vehicle solution was administered as the control injection for the systemic experiment. Systemic injections were given intraperitoneally in an injection volume of 1 ml / kg. For the microinjection studies, 3-PBC was dissolved in artificial C SF (aC SF) (see below).
Xenopus ooc yte e xpressions assay. Xenopus laevis frogs were purchased from Xenopus-1 (Dexter, M I). Collagenase B was obtained from Boehringer Mannheim (Indianapolis, I N). GABA was obtained from Research Biochemicals (Natick, M A). All compounds were prepared as a 10 mM stock solution in EtOH and stored at Ϫ20°C.
cDNA clones. The rat GABA A receptor ␣ 1 , ␣ 5 , and ␥ 2 subunit clones were gifts from H. L uddens (Department of Psychiatry, University of Mainz, Mainz, Germany). The rat GABA A receptor ␤ 3 subunit clone was a gift from L. Mahan (National Institute of Neurological Disorders and Stroke, Bethesda, MD). C apped cRNA was synthesized from linearized template cDNA encoding the subunits using mM ESSAGE mM ACHI N E kits (Ambion, Austin, TX). Oocytes were injected with the ␣, ␤, and ␥ subunits in a 1:1:1 molar ratio as determined by UV absorbance. Mature X. laevis frogs were anesthetized by submersion in 0.1% 3-aminobenzoic acid ethyl ester, and oocytes were surgically removed. Follicle cells were removed by treatment with collagenase B for 2 hr. Each oocyte was injected with 50 -100 ng of cRNA in 50 nl of water and incubated at 19°C in modified Barth's saline: 88 mM NaC l, 1 mM KC l, 2.4 mM NaHC O 3 , 0.41 mM CaCl 2 , 0.82 mM MgSO 4 , 100 g /ml gentamicin, and 15 mM H EPES, pH 7.6. Oocytes were recorded 3-10 d after injection. Oocytes were perf used at room temperature in a Warner Instruments (Hamden, C T) oocyte recording chamber model RC -5/18 with perf usion solution (in mM): 115 NaC l, 1.8 C aC l 2 , 2.5 KC l, 10 H EPES, pH 7.2. The perf usion solution was gravity fed continuously at a rate of 15 ml /min. Compounds were diluted in the perf usion solution and applied until after a peak current was reached. Current responses to GABA application were measured under two-electrode voltage clamp at a holding potential of Ϫ60 mV. Data were collected using a GeneC lamp 500 amplifier and Axoscope software (Axon Instruments, Foster C ity, CA). The GABA concentration -response curves for the GABA A receptor subunit combinations were constructed by normalizing responses to a low concentration of GABA to minimize variability, then renormalized to the maximal response for comparison. Concentration -response data were fitted to a four-parameter logistic using GraphPad Prizm (GraphPad Software Inc., San Diego, CA), and the EC 50 for each receptor subtype was determined. Peak whole-cell current responses of a voltageclamped oocyte to an EC 50 concentration of GABA in the presence of saturating (1-10 M) concentrations of modulators are reported as a percentage of the peak response to GABA alone ("percentage of GABA response" or "percentage of control").
Radioligand binding. [ 3 H]Diazepam binding to rat cerebral cortical membranes was accomplished using a modification of a method described previously . In brief, rats were killed by decapitation and the cerebral cortex of each rat was removed. Tissue was disrupted in 100 volumes of Tris-HC l buffer (50 mM, pH 7.4) with Polytron (15 sec at setting 6 -7) (Brinkman Instruments, Westbury, N Y) and centrif uged at 4°C for 20 min at 2000 ϫ g. The tissue was resuspended in an equal volume of buffer and recentrif uged. This procedure was repeated three times; the tissue was resuspended in 50 volumes of buffer. Incubations (1 ml) consisted of tissue (0.3 ml), drug solution (0.1 ml), buffer (0.5 ml), and radioligand (0.1 ml). Incubations (4°C) were initiated by the addition of [ 3 H]diazepam (final concentration, 2 mM; specific activity, 76 C i /mmol) (DuPont N EN, Boston, M A) and terminated after 120 min by rapid filtration through GF/ B filters and washing with two 5 ml aliquots of ice-cold buffer with a Brandel (Gaithersburg, MD) M-24R filtering manifold. Nonspecific binding was determined by substituting nonradioactive flunitrazepam (final concentration, 10 M) for the drug solution; it represented Ͻ10% of the total binding. Specific Behavioral testing apparatus and training procedures. Behavioral testing was conducted in 15 standard operant chambers (Coulbourn Instruments, Allentown, PA) equipped with two removable levers and two dipper fluid-delivery systems enclosed in sound-attenuated cubicles as described previously (June et al., 1998a,b) . A concurrent fixed-ratio (FR) schedule was used to investigate the capacity of systemic and direct microinjections of 3-PBC in the C NS to modif y the EtOH-and saccharin-maintained responses. In brief, rats were initially trained to self-administer EtOH and water orally in daily 60 min sessions on a concurrent FR1 schedule. After a period of stabilization on the FR1 schedule, the response requirement was increased to a concurrent FR4 schedule. After stabilization on the FR4 schedule, a series of preliminary studies was conducted to determine the saccharin concentration that produced response rates and profiles similar to that of EtOH (10% v/ v) . Of the saccharin concentrations tested (0.015-0.10% w/ v), the 0.05% w/ v concentration produced response rates and profiles of response that were similar to those for EtOH. Stabilization on the concurrent FR4 schedule for EtOH and the 0.05% w/ v saccharin concentration was then conducted for 3-4 additional weeks before beginning the drug-treatment phase. Responses were considered stable when they were within Ϯ20% of the average responses for 5 consecutive days. The position of the levers and associated dippers for each reinforcer was alternated on each session to control for the establishment of lever preference under all concurrent schedules. Previously, several researchers have discussed the importance of alternative and concurrently presented reinforcers in examining the positive reinforcing properties of drugs of abuse (Heyman and Oldfather, 1992; Meisch and Lemaire, 1993; June et al., 1999) .
Parenteral drug treatment procedures. 3-PBC was administered intraperitoneally 15 min before the operant session to allow for optimal absorption and distribution to the C NS. 3-PBC was tested at doses of 1-10 mg / kg. The duration of the operant sessions was 60 min; however, subjects were tested at 24 and 48 hr after drug administration to determine any residual drug effects. A minimum of 72 and a maximum of 96 hr were allocated between drug treatments to permit animals to return to baseline levels. This period prevented the confounding of drug treatments attributable to residual effects. All systemic drug treatments were administered in a randomized design; all rats received a total of five intraperitoneal injections.
Surger y and microinf usion procedures. Chronic guide cannulas were stereotaxically implanted bilaterally in the anterior [anteroposterior (AP), ϩ0.48; mediolateral (ML), Ϯ1.6; dorsoventral (DV), Ϫ7.2, with 6°l ateral angle; n ϭ 8] and medial (AP, Ϫ0.26; ML, Ϯ2.5; DV, Ϫ7.0; n ϭ 6) V P. The neuroanatomical control rats were bilaterally implanted in either the caudate putamen (C Pu) or the NACC. The coordinates for the caudate putamen were AP, ϩ1.5; ML, Ϯ2.5; and DV, Ϫ4.2 (n ϭ 3). In the NACC group, some rats were implanted in the shell (AP, ϩ1.4; ML, Ϯ0.8; DV, Ϫ6.0; n ϭ 3) and others were implanted in the core (AP, ϩ1.4; ML, Ϯ1.7; DV, Ϫ5.7; n ϭ 3). All coordinates are given in millimeters relative to the Bregma, based on the atlas of Paxinos and Watson (1998) . In experimental and control animals, the cannulas were aimed 1 mm above the intended brain loci. Subjects were given 7 d to recover from surgery before returning to training in the operant chamber. The 3-PBC inf usions were delivered immediately before the operant session with a Harvard inf usion pump (Harvard Apparatus, Holliston, M A) in aC SF [composition (in mM): 120 NaC l, 4.8 KC l, 1.2 K H 2 PO 4 , 1.2 MgSO 4 , 25 NaHC O 3 , 2.5 CaCl 2 , 10 D-glucose] as described previously . A stylet that protruded 1 mm beyond the tip of the guide cannulas was inserted when the injector was not in place. The V P-treated rats received a maximum of seven bilateral inf usions, whereas the NACC -C Pu rats received a maximum of six. All control aC SF and drug treatment inf usions were administered according to a randomized design. Similar to the systemic injections, a minimum of 72 and a maximum of 96 hr were allocated between drug treatments to permit animals to return to baseline levels.
Histolog y. After the completion of the behavioral testing, animals were killed by C O 2 inhalation. Cresyl violet acetate (0.20 l) was injected into the inf usion site and the brains were removed and frozen. The brains were sliced on a microtome in 50 m sections and stained with cresyl violet acetate. The inf usion sites were examined under a light microscope and indicated on drawings adapted from the rat brain atlas of Paxinos and Watson (1998) . Rats with improper placements were excluded from the final data analysis.
Blood ethanol content determination. To ensure that animals were consuming pharmacologically relevant amounts of EtOH during operant sessions, blood alcohol contents (BAC s) were collected on all animals on days on which they did not receive drug treatments. After the first 30 min of an operant session, 100 l of whole blood was collected from the tail tip of the rat and stored in a heparin-coated microsample tube. After collection, the whole blood was immediately centrif uged for 5 min at 1100 rpm. Plasma samples of 5 l were collected with a Gilson (Middleton, W I) Microman M-25 Pipette and injected directly into a GL -5 Analyzer (Analox Instruments, L uxenburg, M A). Microanalysis consisted of measuring the oxygen consumption in the reaction between the sample of alcohol and alcohol oxidase using a C lark-type amperometric oxygen electrode (C lark Electromedical Instruments, Pangbourne, UK). Alcohol reagent buffer solutions, pH 7.4, and alcohol oxidase enzymes were used in all of the samples tested. The results were calculated in milligrams per deciliter and printed within 20 sec of each trial. The mean of the two samples was used as an index of the level of BAC for a given rat. Single-point calibrations were performed using 5 l of aqueous 100 mg /dl (21.7 mol / l) standard.
Statistical anal ysis. The operant-maintained response data were analyzed by a single-factor repeated-measures ANOVA with drug treatment (i.e., dose) as the independent factor. The dependent variables were EtOH-and saccharin-maintained response. Each dependent variable was analyzed separately. Post hoc comparisons between individual drug treatments were made using the Newman -Keuls test in all experiments. In systemic studies, comparisons of drug treatment were made against the no-injection (baseline) and T ween 20 vehicle control conditions. In the microinjection studies, drug treatment comparisons were made against the no-injection control condition (baseline) and the aC SF control condition. All microinjection data were obtained and analyzed after correct histological verification under a light microscope. To determine the time course of antagonism across the 60 min session, a single-factor ANOVA was conducted at each of the six 10 min intervals on the cumulative response data for the respective drug treatment conditions relative to the pooled control conditions. EtOH-and saccharin-maintained response data were analyzed separately. Post hoc analyses were performed on the cumulative interval data using the Newman -Keuls test. Finally, correlated t tests were conducted in each experimental group to compare basal response rates between EtOH-and saccharin-maintained response before any drug administration.
RESULTS

Chemistry and molecular biology studies Synthesis of 3-PBC
3-PBC was produced in excellent yield using the more efficient and improved synthesis based on the recently established pharmacophore/receptor model of GABA A -BDZ ␣ 1 subtypes Huang et al., 2000) (Fig. 1) .
Binding affinity for 3-PBC at recombinant
After synthesis, the in vitro binding affinities of 3-PBC, the ␤-carboline competitive antagonist ZK 93426 (Haefely, 1983; Jensen et al., 1984) , the imidazobenzodiazepine competitive antagonist flumazenil (Ro15-1788) (Haefely, 1983) , and several reference ␣ 1 ligands were evaluated at recombinant GABA A receptors, as depicted in Table 1 . For comparison, data from McKernan et al. (2000) are also shown. The binding affinities were generated using Ltk cells stably transfected with human receptor cDNAs. Portions of these data have been reported previously (Cox et al., 1995) . As predicted, the well known BDZ 1 agonists zolpidem and CL 218,872 displayed a moderate level of selectivity for the ␣ 1 subtype. 3-PBC also displayed a moderate level of selectivity for the ␣ 1 subtype, exhibiting a 9.8-, 13-, and 111-fold selectivity relative to the ␣ 2 , ␣ 3 , and ␣ 5 receptors, respectively. 3-Ethoxy (3-EBC), an inverse agonist (i.e., negative GABA modulator) that was developed in our laboratory along with 3-PBC, displayed a similar, albeit lower selectivity, at the ␣ 1 receptor. However, ␤-carboline-3-carboxylate t-butyl ester (␤CC t), another mixed agonist-antagonist, exhibited the greatest binding selectivity over BZ II receptors (␣ 2 , ␣ 3 , and ␣ 5 ) reported to date. ␤CC t was 3.5-fold more selective than zolpidem and Ͼ20-fold more selective than the antagonist flumazenil at ␣ 1 sites. The actions of ␤CC t on alcohol-seeking behavior have been reported recently (C arroll et al., 2000) . The selectivity of 3-PBC in relation to physiological efficacy was also determined. For comparison, the activities of the prototypical antagonists ZK 93426 and flumazenil were also evaluated. Receptors composed of different GABA A ␣ subunits (␣ 1 through ␣ 5 ) were coexpressed with both the ␤ 3 and ␥ 2 subunits. To compare modulator activity accurately between receptor subtypes, we used an equally effective (EC 50 ) concentration of GABA for each GABA A receptor subtype: 50 M for ␣ 1 ␤ 3 ␥ 2, 50 M for ␣ 2 ␤ 3 ␥ 2 , 30 M for ␣ 3 ␤ 3 ␥ 2 , 10 M for ␣ 4 ␤ 3 ␥ 2 , and 30 M for ␣ 5 ␤ 3 ␥ 2 . All agents were examined at saturating concentrations, either 1 or 10 M. Figure 2 shows that 3-PBC acted as a modest positive modulator at ␣ 1 -, ␣ 2 -, ␣ 3 -, and ␣ 4 -containing receptors (113 Ϯ 4%, 116 Ϯ 7%, 119 Ϯ 6%, and 129 Ϯ 3% of GABA response, respectively). At the ␣ 1 through ␣ 5 receptors, flumazenil exhibited an efficacy profile that was statistically similar to 3-PBC ( p Ͼ 0.05). At the ␣ 1 through ␣ 4 receptors, ZK 93426 exhibited a partial to full agonist profile (146 Ϯ 11%, 140 Ϯ 13%, 147 Ϯ 10%, and 137 Ϯ 8%, respectively). These effects were statistically greater than 3-PBC and flumazenil at the ␣ 1 through ␣ 3 receptors ( p Ͻ 0.05). As reported previously (Wafford et al., 1993a,b) , flunitrazepam, the full agonist, markedly enhanced GABAergic activity (152 Ϯ 8% to 164 Ϯ 3%) across the ␣ receptors (data not shown). At the ␣ 5 receptor, each of the three antagonists exhibited a very weak negative profile that was indistinguishable from each other ( p Ͼ 0.05). The relative magnitude of GABA potentiation for the three antagonists across the ␣ 1 , ␣ 2 , and ␣ 3 receptors is depicted in the traces of Figure 3 . The traces confirm the very weak partial agonist profile of 3-PBC and the moderate level of GABA potentiation of ZK 93426 across the ␣ 1 -, ␣ 2 -, and ␣ 3 -receptor subtypes.
Efficacy of 3-PBC hydrochloride in modulating
In vitro binding affinity of 3-PBC to rat synaptosomal membranes Because the ␣ 1 subtype is most abundant in the rodent cortex (Wisden et al., 1992; Fritschy and Mohler, 1995) , the in vitro binding affinities of 3-PBC, 3-EBC, diazepam, and its parent molecule, ␤CCE were determined in rat cortical membranes ( Table 2 ). As we have demonstrated previously, with the 3-alkoxy series of BDZs , there was a steady increase in the in vitro potency as chain length was increased from a 3-methoxy moiety (IC 50 ϭ 124 nM) (data not shown) to 3-EBC (IC 50 ϭ 24 nM) to a 3-n-propyloxy group (3-PBC) (IC 50 ϭ 11 nM). Thus, the in vitro binding affinity of 3-PBC at the synaptosomal cortical membrane was similar to the binding affinity at the recombinant ␣ 1 -receptor subtype.
Neurobehavioral studies BAC determination
The response for EtOH yielded intakes of 0.67-2.85 gm/kg of absolute EtOH. EtOH consumption was 1.45-6.37 ml. BACs ranged from 16 to 92 mg/dl. BACs correlated significantly with the EtOH responding (r ϭ 0.77; p Ͻ 0.01) and intake (r ϭ 0.84; p Ͻ 0.01). Once the BACs were determined, group assignments were balanced to include rats from both the low-and high-intake ranges. Thus, rats were semirandomly assigned to their respective groups, with a prerequisite being that a given group contained 40 -50% of both low and high alcohol responders.
Systemic injection studies
Total session data. The no-injection control (EtOH, 201 Ϯ 51; saccharin, 153 Ϯ 23) and the Tween 20 vehicle (EtOH, 191 Ϯ 42; saccharin, 161 Ϯ 41) conditions were similar ( p Ͼ 0.05); hence, these data were pooled (Fig. 4 A) and used to compare against the drug treatment conditions. Figure 4 A also shows that before any drug administration, basal EtOH-and saccharin-maintained responding under the control conditions were similar ( p Ͼ 0.05). Figure 4 A also shows that 3-PBC produced a significant doserelated reduction on the EtOH-maintained responding (F (5,60) ϭ 9.827; p Ͻ 0.01). Compared with the control condition, all doses ( p Յ 0.05) except the lowest ( p Ͼ 0.05) significantly reduce the responding maintained by EtOH. Figure 4 A shows that in contrast to the effects observed on alcohol responding, the lower 3-PBC doses (1-10 mg/kg) markedly elevated responding maintained by saccharin (F (5,60) ϭ 3.45; p Ͻ 0.05). Post hoc analyses confirmed that the 1-10 mg/kg doses significantly elevated saccharin responding ( p Յ 0.05); however, the 20 mg/kg dose markedly suppressed responding ( p Ͻ 0.01). The whole-cell current response in the presence of the modulator is reported as a percentage of the current response to GABA alone (% GABA Response). Each value is the mean Ϯ SD of at least three separate oocytes. Cumulative within-session data. Figure 5A shows the cumulative within-session time course across the 60 min session for alcoholmaintained responding; Figure 5B shows the cumulative profile for saccharin responding. Figure 6 A shows a reconstruction of serial coronal sections of the rat brain illustrating the bilateral guide cannula tips for the correctly implanted subjects (n ϭ 12). The histological placements show that the guide cannulas were implanted in the anterior (Bregma, 0.70 -0.20 mm) to medial (Bregma, Ϫ0.26 to Ϫ0.30 mm) VP fields. Figure 7A -D depicts the actual bilateral placements for 4 of the 12 VP rats, in separate photomicrographs illustrating the extent of the lesion sustained as a result of the introduction of the bilateral guide cannula. Two rats each from the VP and NACC-CPu groups were excluded from the final data analyses because of improper placements. A single rat from the NACC-CPu group was also excluded because the cannula came loose from the surface of the skull.
Microinfusion studies
Total session data. Figure 4 B shows responding maintained by alcohol and saccharin under the baseline and aCSF conditions were similar ( p Ͼ 0.05). Thus, these data were pooled and compared against the 3-PBC dose conditions. 3-PBC dosedependently reduced alcohol-maintained responding relative to the control condition, resulting in a significant effect of drug dose (F (6,66) ϭ 4.43; p Ͻ 0.02). Only the 0.5 g dose failed to reduce the alcohol response significantly ( p Ͼ 0.05). Figure 4 B reveals that in contrast to the effects observed on alcohol-maintained responding, only the 40 g dose significantly reduced saccharin responding ( p Ͻ 0.05); however, the overall ANOVA produced a nonsignificant effect of drug dose (F (6,66) ϭ 1.71; p Ͼ 0.05).
Cumulative within-session data. Figure 8 A illustrates the cumulative within-session response profile for alcohol under the control and 3-PBC treatments. Similar to the systemic injections, all of the six VP infusions produced a significant reduction in alcohol responding at the initial 10 min (F (6,78) ϭ 2.35; p Ͻ 0.039) and 20 min (F (6,78) ϭ 3.45; p Ͻ 0.028) intervals. Except for the 0.5 g dose condition, all 3-PBC infusions continued to suppress the EtOH responding at the 30 -60 min intervals (F (6,78) ϭ 3.145, p Ͻ 0.008; F (6,78) ϭ 4.32, p Ͻ 0.001; F (6,78) ϭ 4.26, p Ͻ 0.001; and F (6,78) ϭ 4.04, p Ͻ 0.001, respectively). In contrast to the EtOH-maintained responding, with the exception of the 40 g dose condition, none of the 3-PBC infusions altered responding maintained by saccharin at the 10 min interval (Fig. 8 B) . The 40 g dose significantly reduced responding throughout the 10 -60 min intervals (F (6,78) ϭ 2.31, p Ͻ 0.04; F (6,78) ϭ 3.29, p Ͻ 0.005; F (6,78) ϭ 2.15, p Ͻ 0.047; F (6,78) ϭ 4.14, p Ͻ 0.001; F (6,78) ϭ 3.36, p Ͻ 0.006; and F (6,78) ϭ 4.36, p Ͻ 0.001, respectively). The 10 g dose also significantly reduced responding throughout the 40 -60 min intervals (F (6,78) ϭ 2.41, p Ͻ 0.04; F (6,78) ϭ 3.01, p Ͻ 0.005; and F (6,78) ϭ 2.86, p Ͻ 0.05). In contrast, the 5 g dose significantly elevated responding throughout the 30 -50 min intervals (F (6,78) ϭ 4.41, p Ͻ 0.001; F (6,78) ϭ 3.11, p Ͻ 0.005; and F (6,78) ϭ 3.86, p Ͻ 0.007). Similarly, the 3 g dose also significantly elevated responding throughout the 40 -60 min intervals (F (6,78) ϭ 3.42, p Ͻ 0.006; F (6,78) ϭ 4.01, p Ͻ 0.001; and F (6,78) ϭ 4.56, p Ͻ 0.001).
Neuroanatomical controls. To determine the neuroanatomical specificity of the VP-␣ 1 -receptor modulation of the alcoholmaintained responding, we evaluated the capacity of 3-PBC to reduce alcohol-motivated behaviors in the NACC/CPu, a loci reported to be devoid of the ␣ 1 -receptor subtype (Wisden et al., 1992; Turner et al., 1993; Duncan et al., 1995; Fritschy and Mohler, 1995) . Figure 6 B shows a reconstruction of the serial coronal sections for the neuroanatomical control rats. The bilateral guide cannula tips for the seven control subjects were at Bregma 2.20 to Bregma 1.20. Figure 9A -C depicts the actual bilateral placements for three of the seven rats in separate photomicrographs, illustrating the extent of the lesion sustained as a result of the introduction of the bilateral guide cannula. Figure 4C shows the rates of responding maintained by EtOH and saccharin after bilateral microinjection of the 5-40 g doses of 3-PBC. Compared with the pooled aCSF and baseline control conditions, the treatments with 3-PBC had no effect on the alcohol-or saccharin-maintained responding. These findings were supported by a nonsignificant effect of drug treatment for the alcohol-and saccharin-maintained responding (F (4,24) ϭ 0.365, p Ͼ 0.05 and F (4,24) ϭ 0.696, p Ͼ 0.6021, respectively). These data indirectly confirm the topography of the ␣ 1 -receptor subtype (Churchill et al., 1991a; Duncan et al., 1995) in the striatopallidal area of the P rats.
DISCUSSION
To model the human condition of alcohol abuse, we selected as subjects the P rat line. The P rat line has been shown to fulfill all criteria for an animal model of human alcohol abuse (Cicero, 1979; Cloninger, 1987) to the satisfaction of the alcohol research community (McBride and Li, 1998) . Specifically, the P rat will: (1) voluntarily consume 5-8 gm/kg of alcohol to attain blood alcohol concentrations of 50 -200 mg/dl; (2) press a lever for alcohol orally in concentrations of 10 -40%, despite the fact that water and food are also available; (3) drink alcohol for its pharmacological effect and not solely because of its taste, smell, or caloric properties, as evidenced by the fact that P rats will self-administer alcohol intragastrically as well as intracranially; (4) develop both metabolic and functional tolerance with free-choice alcohol drinking; and (5) develop physical dependence and signs of withdrawal after removal of alcohol after long periods of consumption.
The overall findings of the present study were that activation of VP ␣ 1 receptors by 3-PBC produced marked reductions on the alcohol-maintained responding. These effects were observed in the absence of altering responding for a nondrug reinforcer. The ␣ 1 -mediated suppression of 3-PBC at the VP level showed a high degree of neuroanatomical specificity. Specifically, the ␣ 1 -mediated suppression was not observed with the more dorsal placements in the NACC or CPu. The failure of 3-PBC to alter alcohol self-administration in the NACC/CPu is in agreement with previous research, which has consistently reported that the expression of the ␣ 1 transcript was nil in the NACC and CPu (Churchill et al., 1991a; Duncan et al., 1995; Fritschy and Mohler, 1995) , as was the magnitude of the binding of [ 3 H]zolpidem, the ␣ 1 -selective agonist . Criswell and colleagues (Criswell et al., 1993 Duncan et al., 1995) have suggested that zolpidem-binding sites may be predictive of the loci in which EtOH activates GABAergic receptors in the CNS.
The reduction in EtOH-motivated responding after systemic and central administrations may be attributable to the capacity of 3-PBC to function as a partial BDZ agonist, thereby interacting with alcohol in an additive manner to reduce alcohol-drinking behavior. Both BDZ agonists and EtOH have been shown to facilitate GABAergic transmission in vivo and in vitro (Suzdak et al., 1986) . Thus, it is plausible that 3-PBC may have potentiated the pharmacological actions of the self-administered alcohol on the one hand or substituted for the pharmacological effects of the ingested EtOH. In either case, less alcohol would be needed to obtain the usual pharmacological effect produced by the ingested alcohol. In further support of this hypothesis, a number of researchers have demonstrated that positive GABAergic modulators are readily substituted for EtOH in drug-discrimination studies (Bowen and Grant, 1998; Hodge and Cox, 1998) .
In contrast to the effects on EtOH-maintained responding, systemic 3-PBC injections produced marked elevations on responding maintained by saccharin. Such increases are typical of partial and full BDZ agonists (Higgs and Cooper, 1995) . It should be recalled that partial agonist effects were observed with 3-PBC at the ␣ 1 -␣ 4 subtypes in the present study (Fig. 2) . However, VP infusions did not alter saccharin responding. Hence, it is possible that systemic administration of 3-PBC activates multiple ␣-receptor subtypes, inducing an agonist profile to initiate the intake of palatable solutions and general ingesta, whereas VP infusions result in the occupancy primarily of receptors of the ␣ 1 subtype, which is more selective for EtOH. 3-PBC nonselectively suppressed responding with the highest tested VP (40 g) and systemic (20 mg/kg) doses. These nonselective profiles on ingestive response are likely because of the saturation of all ␣-receptor subtypes. An apparent conundrum is that the 40 g dose failed to alter the EtOH or saccharin responding in the NACC/CPu. However, the prevalence of the ␣ 1 -and non-␣ 1 -receptor subtypes in these control areas is either not detectable (Churchill et al., 1991a) or very low (Wisden et al., 1992; Fritschy and Mohler, 1995) . Hence, this factor, combined with the low binding affinity (i.e., 10-to 13-fold lower compared with the ␣ 1 subtype) of 3-PBC at non-␣ 1 -receptors (e.g., ␣ 2 , ␣ 3 , and ␣ 4 subtypes) in these sites (Table 1) could explain a lack of behavioral effects on ingestive behaviors.
Previous reports have suggested that the VP plays a role in regulating the rewarding properties of psychostimulants, opioids (Austin and Kalivas, 1990; Hubner and Koob, 1990; Napier and Chrobak, 1992; Hiroi and White, 1993; Gong et al., 1996) , and alcohol (Samson and Hodge, 1996; McBride and Li, 1998; Koob, 1999) . However, the present study and our recent work with ␤CCt, another ␣ 1 -subtype ligand (Carroll et al., 2000) (H. L. June, unpublished data) , are the first to link this substrate directly to the rewarding properties of alcohol. It is possible that the VP GABAergic neurons regulate the reinforcing properties of alcohol via the involvement of GABA within the mesolimbic dopamine (DA) or opioid systems (Austin and Kalivas, 1990; McBride and Li, 1998) . Biochemical, electrophysiological, pharmacological, and behavioral studies support the anatomical evidence that GABA and enkephalins are colocalized in terminals that innervate VP neurons (Zahm et al., 1985; Kalivas et al., 1993b ; Churchill et al., Figure 6 . Reconstruction of serial coronal sections of the rat brain illustrating the bilateral guide cannula tips for the VP anterior to the medial division (A; n ϭ 12), NACC, and CPu (n ϭ 7) rats (i.e., neuroanatomical controls) ( B) included in the data depicted in Figure 4 A,B, respectively. Each rat is represented by two solid black circles: one in the left and one in the right hemisphere. MnPO, Median preoptic nuclei; MPA, median preoptic area; AcbC, nucleus accumbens core; AcbSh, nucleus accumbens shell. Coronal sections are adapted from the rat brain atlas of Paxinos and Watson (1998) , reproduced with permission from Academic Press.
1991b, 1998). In addition, several studies have shown that locomotor activation induced by the microinjection of DA or opioids in the NACC can be attenuated by GABA agonists in the VP (for review, see Churchill et al., 1998) . It is also well known that the VP receives additional GABAergic afferents from the ventral tegmental area (VTA) (Kalivas et al., 1993b) , another brain area known to regulate alcohol reinforcement (Koob et al., 1998; McBride and Li., 1998) . Thus, the topography of the VP (Kalivas et al., 1993a) places it in a unique position to serve as a pivotal regulator of dopaminergic, opioid, and GABAergic inputs that could control EtOH-motivated behaviors.
Self-administered or parenterally administered EtOH elevates DA in a variety of subcortical areas [e.g., shell of NACC, VTA, bed nucleus of the stria terminalis (BST), etc.] (Weiss et al., 1993; McBride and Li, 1998; Carboni et al., 2000) . Thus, one hypothesis is that 3-PBC infusions increase GABA at ␣ 1 receptors in the VP. This increase in GABA may disinhibit DA neurons in the VP, further elevating the already enhanced DA levels from ingested alcohol in one or more subcortical areas. Such elevations in DA could result in reductions in alcohol-maintained responding or in the early termination of responding. VP GABAergic neurons have been reported to regulate the major DA output neurons of the VP (Gong et al., 1997) , and GABA can directly inhibit or indirectly stimulate the DA cell via disinhibition of GABAergic interneurons (Kalivas et al., 1993b) .
In the present study, the efficacy profile of 3-PBC was qualitatively similar to flumazenil at all receptors except the ␣ 1 subtype (Fig. 2) . In contrast, ZK 93426 displayed an efficacy profile similar to that of a full agonist. Similar to 3-PBC, previous reports from our laboratory have suggested that parenteral injections of ZK 93426 effectively reduce alcohol-motivated behaviors under a number of experimental conditions (June et al., 1998b ). In contrast, flumazenil failed to reliably reduce alcohol-motivated responding after parenteral (June et al., 1998b) or direct VP injections (data not shown). Hence, the lack of partial agonist activity by flumazenil at the ␣ 1 receptor (Fig. 2) may explain in part the failure of flumazenil to effectively reduce alcohol-maintained responding. However, this hypothesis is not consistent with the overwhelming data showing that a positive efficacy at the ␣ 1 receptor is not a prerequisite to selectively reduce alcohol responding (Carroll et al., 2000) .
In summary, the data of the present study provide support for the hypothesis that GABA A receptors containing ␣ 1 subunits in the VP play an important role in regulating the reinforcing properties of EtOH. Recently, we demonstrated that the ␣ 5 subunits in the hippocampus also played a critical role in regulating EtOH reinforcement ). Thus, the GABAergic systems within the VP and hippocampal pathways represent new extensions of the mesolimbic EtOH reward circuitry. However, a major task for alcohol researchers will be to determine the degree to which these neuronal systems singly and collectively regulate alcohol-seeking behaviors. In both studies, we have focused primarily on the potential interaction of GABA with the DA systems because of its close proximity and coexistence with GABA in several neuronal populations purported to regulate alcohol reinforcement (Koob et al., 1998; McBride and In contrast to the EtOH-maintained response, except for the 40 g dose condition ( p Ͻ 0.05), none of the 3-PBC infusions altered the response maintained by saccharin at the 10 min interval ( p Ͼ 0.05) (see Results). Similar to its effect on the EtOH-maintained response, the suppression with the 40 g dose was sustained throughout the remainder of the 60 min session ( p Յ 0.05) (see Results). BL, Baseline. Figure 9 . Representative histological photomicrographs for three rats, illustrating coronal sections for two NACC (A, B) and one CPu ( C) rat. The photomicrographs depict the tracks of the guide cannulas and the magnitude of cellular damage caused by the implantation of the bilateral cannula.
